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A method f o r  e l i m i n a t i n g  t h e  phase de t e rmina t ion  a t  the de terminant  

level  f o r  a r b i t r a r i l y  coupled CSF's is  presented .  
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In a conventional Configuration Interaction (CI) calculation (for a 

general reference on CI, see reference l.), the n-particle basis functions 

are normally linear combinations of Slater determinants having the correct 

overall spin and space symmetry, called configuration state functions (CSF). 

After choosing a list of CSF's to be included in the CI calculation, the 

matrix elements between these CSF's must be evaluated. 

The basis steps involved in the matrix element evaluation are: two 

orbital occupations are compared, if the difference is greater than two the 

matrix element is zero; if the difference is two or less, the matrix element 

is non-zero and evaluated. 

CSF's arising from occupation 1 or occupation 2 into determinants. 

evaluation of the determinant(occupation 1)-determinant(occupati0n 2) inter- 

act ions is accomplished using the Slater-Condon" 

over determinants are then transformed to matrix elements over CSF's. While 

the evaluation of matrix elements over determinants is formally very simple, 

the need to determine the phase associated with bringing the determinants 

into maximum coincidence can be very time consuming. 

The evaluation is accomplished by expanding all 

The 

rules. The matrix elements 

Several methods for reducing the amount of work needed to compute 

matrix elements between CSF's have been developed (see reference 1 and the 

references therein). All of these methods rely on using specific full 

couplings of the determinants to form CSF's. In some of these schemes one 

need never explicitly consider determinant-determinant interactions. However, 

if the interacting ~ p a c e ~ - ~  is used instead of the full coupling space, the 

number of CSF's is reduced and correspondingly, the work needed to construct 

(if a formula tape is used) and diagonalize the H matrix is reduced. This 

reduction in work comes with virtually no l o s s  in accuracy . Ironically a 

program which is general enough to use the interacting space, will probably 

6 



2 

t a k e  longe r  t o  e v a l u a t e  t h e  H-matrix formula,  using t h e  i n t e r a c t i n g  space,  

than a s p e c i a l  

occupat ions.  

g r e a t  as t o  make t h e  i n t e r a c t i n g  space undes i r ab le .  

purpose program using t h e  f u l l  space  a r i s i n g  from t h e  same 

7 Davidson has  noted t h a t  t h i s  d i f f e r e n c e  i n  t i m e  can be s o  

8 Liu has  pointed o u t  

t h a t  wh i l e  t he  formula e v a l u t i o n  might be s lower,  t h e  r educ t ion  i n  e x t e r n a l  

s t o r a g e ,  and i n  I O  and CPU t i m e  f o r  t h e  H-matrix c o n s t r u c t i o n  and d i agona l i -  

z a t i o n  can make t h e  u s e  of i n t e r a c t i n g  space d e s i r a b l e  o v e r a l l ,  e s p e c i a l l y  

i f  u s ing  a formula t a p e  and computing many p o i n t s .  

The use of t h e  i n t e r a c t i o n  space can be made more d e s i r a b l e  i f  t h e  phase 

determinat ion is moved t o  t h e  occupa t iona l  l e v e l  as wi th  t h e  f u l l  coupl ing 

methods. Lengsfield’ developed such a method which w a s  s u i t a b l e  f o r  occupa- 

t i o n s  d i f f e r i n g  by one, and used t h i s  i n  t h e  c a l c u l a t i o n  of t r a n s i t i o n  mo- 

ments. Unfortunately,  t h i s  method w a s  no t  e a s i l y  extendable  t o  d i f f e r e n c e s  

of two. Here w e  p r e s e n t  a gene ra l  method f o r  e l i m i n a t i n g  t h e  phase a t  t h e  

determinant  l e v e l  f o r  a r b i t r a r y  couplings.  

S t a r t i n g  wi th  an occupation w r i t t e n  as fo l lows ,  

la 16’ 2% 213 4a 4B 3 7 , 

where 3 and 7 a r e  open s h e l l s  and can have d i f f e r e n t  s p i n s  i n  d i f f e r e n t  

determinants ,  t h e  c losed  s h e l l  o o r b i t a l s  are moved t o  one end and pu t  

i n  ascending o r d e r ,  while  t h e  8 c losed  s h e l l  o r b i t a l s  and t h e  open s h e l l  

o r b i t a l s  are put  i n  ascending o rde r :  

1 B  2B 3 4B 7 la 2a 4a . 
The phase of going from 1 t o  2 is determined. In  t h i s  o rde r  t h e  two p a r t s  

of 2 can e a s i l y  be r ep resen ted  as b i t  p a t t e r n s .  For 60 o r b i t t l l s  o r  less w e  

use 3 words, one t o  hold the 5 closed and open s h e l l  occupat ions,  a second 

to hold t h e  a c losed  s h e l l  o r b i t a l s ,  and a t h i r d  word is  used t o  hold t h e  

phase,  a p o i n t e r  i n d i c a t i n g  which s p i n  coupl ing t a b l e  d e s c r i b e s  how t o  couple 
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t h e  open s h e l l  o r b i t a l s ,  and a l i s t  of t h e  open s h e l l  o r b i t a l s .  

when t h e  number of open s h e l l s  i s  l a r g e ,  a d d i t i o n a l  words are needed f o r  the 

list. 

Ac tua l ly ,  

For a given occupation, w e  loop over a l l  p rev ious  occupations.  For a 

d i f f e r e n c e  of one o r  two w e  go t o  s p e c i a l  code t o  e v a l u a t e  t h e  ma t r ix  elements.  

From t h e  o r b i t a l  d i f f e r e n c e  a t  the occupat ion level, a list of a l l  p o s s i b l e  

i n t e g r a l s  which might b e  needed can be prepared. The o r b i t a l  non-coincidences 

are moved t o  one end, p u t  i n  ascending o r d e r ,  and t h e  phase of t h i s  l i n e u p  i s  

determined. W e  c a l l  t h i s  t h e  a phase. 

The fol lowing i s  an example of a d i f f e r e n c e  by two: 

18 26 3 46 7 la 2a 4a occupat ion 1 

48 7 10 11 la 2a occupat ion 2 1 B  28 

The o r b i t a l  non-coincidences are 3 4 and 10 11. 

3 4a 1 B  2B 4B 7 la 2a 

10 11 18 2B 4B 7 la 2a 

The a phase is  -1 ( ignor ing  the  i n i t i a l  phases) .  

I n  t h i s  scheme whenever an o r b i t a l  non-coincidence arises from an open t o  

c l o s e d  o r  c losed  t o  open e x c i t a t i o n ,  w e  b r i n g  down t h e  

b u t  t h e  d i f f e r e n c e  a t  t h e  determinant l e v e l  might b e  t h e  B c losed  s h e l l  

o r b i t a l .  

o r b i t a l s  t o  a d i f f e r e n c e  of t h e  B c losed  o r b i t a l  is determined and c a l l e d  

t h e  B phase. I n  t h e  example, t h i s  would invo lve  o r b i t a l  4 ( o r  one swi t ch  

a c losed  o r b i t a l ,  

The phase of switching a l l  t h e s e  open-closed and closed-open 

4a w i t h  4 6 )  o r  B phase of -a phase. 

The determinants  a r e  s t o r e d  as b i t  pa t te rns  i n  an  a word and a B 

We loop over t h e  determinants of occupat ion 1 and loop over t h e  word. 

de t e rminan t s  of occupation 2. We ' exc lus ive  o r '  t h e  a words and t h e  B 
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words and count tne populat ions.  A d i f f e r e n c e  of 4a i m p l i e s  t h a t  when- 

e v e r  an o r b i t a l  changed from open t o  c losed  o r  c losed  t o  open t h e  d i f f e r e n c e  

w a s  t h e  a o r b i t a l  s o  t h e  m a t r i x  element is a phase*(direct-exchange). 

A 48 

o r b i t a l s  t h e  d i f f e r e n c e  is  t h e  8 c losed  o r b i t a l  and t h e  m a t r i x  element i s  

d i f f e r e n c e  impl i e s  t h a t  f o r  a l l  open t o  c losed  o r  c losed  t o  open 

phase*(direct-exchange). For 2a28  d i f f e r e n c e  w e  must a s k  how many of 

t h e  f3 d i f f e r e n c e s  came from open t o  c losed  o r  c losed  t o  open o r b i t a l s .  

Th i s  is  accomplished by having a word w i t h  a b i t  on f o r  each open t o  c losed  

o r  c losed  t o  open o r b i t a l .  This  word i s  'and'ed'  w i th  t h e  8 d i f f e r e n c e  

word and t h e  populat ion (p) i s  determined. The 2a2f3 phase i s  then  

a phase*-lP. 

d i r e c t  term (2a2Bphase*direct) o r  an exchange term (-2a2Bphase*exchange). 

The occupat ional  d i f f e r e n c e  of one is t r e a t e d  i n  a similar manner. 

W e  should no te  t h a t  s i n c e  no phase work i s  performed on t h e  determinants ,  

A simple test  s e p a r a t e s  t h e  ma t r ix  element i n t o  e i t h e r  a 

t h e r e  is  no need t o  form and phase a l l  of t h e  determinant  b i t  p a t t e r n s  a t  

t h e  beginning of t h e  c a l c u l a t i o n ,  b u t  i n s t e a d ,  w e  form t h e  determinants  as 

needed from the a c losed  word, t h e  l i s t  of open s h e l l s  and t h e  s p i n  

coupl ing t a b l e .  

o r b i t a l s  o r  l e s s ) ,  p l u s  4 times t h e  maximum number of determinants  i n  a CSF 

and t h e  s c r a t c h  space needed t o  e v a l u a t e  t h e  ma t r ix  elements.  

Our s t o r a g e  is  only about 3 words pe r  occupat ion ( f o r  60 

W e  have presented a method of reducing t h e  amount of work needed t o  

g e n e r a t e  a CI formula f o r  a r b i t r a r i l y  coupled determinants .  Th i s  scheme 

makes t h e  u s e  of t he  i n t e r a c t i n g  space more d e s i r a b l e ,  s i n c e  t h e  formula 

I e v a l u a t i o n  should be comparable i f  no t  f a s t e r ,  t han  a s p e c i a l  purpose f u l l  

coupl ing program, and s i n c e  t h e  external s t o r a g e  and I O  and CPU t i m e  r equ i r ed  

f o r  t h e  cons t ruc t ion  and d i a g o n a l i z a t i o n  of t h e  H-matrix h a s  been reduced. 

The o t h e r  advantages of t h i s  method are t h e  small amount of memory r equ i r ed ,  

a-.d t h e  r e l a x a t i o n  of t h e  l i m i t  on t h e  number of agen s h e l l s ,  and of t h e  

I r e s t r i c t i o n  on t h e  coupl ings.  
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